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ABSTRACT  
   
In recent years, 40% of the total world energy consumption and greenhouse gas 
emissions is because of buildings. Out of that 60% of building energy consumption is due 
to HVAC systems. Under current trends these values will increase in coming years. So, it 
is important to identify passive cooling or heating technologies to meet this need. The 
concept of thermal energy storage (TES), as noted by many authors, is a promising way to 
rectify indoor temperature fluctuations. Due to its high energy density and the use of latent 
energy, Phase Change Materials (PCMs) are an efficient choice to use as TES. A question 
that has not satisfactorily been addressed, however, is the optimum location of PCM. In 
other words, given a constant PCM mass, where is the best location for it in a building? 
This thesis addresses this question by positioning PCM to obtain maximum energy savings 
and peak time delay. This study is divided into three parts. The first part is to understand 
the thermal behavior of building surfaces, using EnergyPlus software. For analysis, a 
commercial prototype building model for a small office in Phoenix, provided by the U.S. 
Department of Energy, is applied and the weather location file for Phoenix, Arizona is also 
used. The second part is to justify the best location, which is obtained from EnergyPlus, 
using a transient grey box building model. For that we have developed a Resistance-
Capacitance (RC) thermal network and studied the thermal profile of a building in Phoenix. 
The final part is to find the best location for PCMs in buildings using EnergyPlus software. 
In this part, the mass of PCM used in each location remains unchanged. This part also 
includes the impact of the PCM mass on the optimized location and how the peak shift 
varies. From the analysis, it is observed that the ceiling is the best location to install PCM 
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for yielding the maximum reduction in HVAC energy consumption for a hot, arid climate 
like Phoenix. 
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CHAPTER 1 INTRODUCTION 
1. Motivation 
Protecting the environment is one of the main concerns of our generation. Global warming 
and the depletion of the ozone layer are two of the harsh challenges that we must tackle in 
the coming years.  Approximately 40% of the world energy consumption and greenhouse 
gas emissions is because of buildings [1] [2]. Out of that 60% of building energy 
consumption is due to HVAC systems [3]. If we are considering the case of the United 
States alone, the figures are almost the same: 39% of primary energy is consumed by both 
residential and commercial buildings [4] . Under current trends these values will increase 
in coming years. It is highly impractical to reduce the use of air conditioning, especially in 
places like Phoenix, Arizona. So, it’s time for us to focus more on passive technologies 
like the use of thermal energy storage (TES) in buildings to counter this demand.  
 
Figure 1: Indoor temperature profile with and without TES [5] 
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Figure 1 shows the temperature profile of a building with and without TES, where the blue 
line indicates the temperature profile of the building without TES and the red line is that 
with TES. The yellow colored region is the amount of energy which can be saved by using 
TES. In addition to energy savings, TES is potentially able to shift the peak energy demand 
as shown in Figure 1. Thus, ideally, we can make more use of HVAC in the off-peak hours 
to meet the needs of the peak hours. 
2. Alternative Method 
In general, space cooling can be divided into three categories, namely active cooling 
methods, passive cooling methods, and hybrid cooling methods [3]. An active cooling 
method is to use equipment like fans, HVAC, etc. to cool the living space. A passive 
cooling method is a strategy of cooling buildings using natural methods, like natural 
convection or by increased ventilation, or by the addition of thermal mass, with little or no 
electricity consumption. A hybrid cooling strategy is to use passive cooling to meet the 
peak demands instead of active cooling methods. Hybrid cooling methods are likely the 
better choice for places like Phoenix, which have very high ambient temperature.  As our 
focus is on places like Phoenix, which is hot and arid, natural cooling alone won’t be a 
good option. On the other hand, thermal mass could play a role here as a TES. Ideally, the 
concept behind TES is to store hot energy during day time and release it during night time.  
Thermal energy storage can be divided into three forms (Figure 2) namely: 
1. Sensible Heat Storage 
2. Latent Heat Storage 
3. Thermo-Chemical Storage 
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In sensible heat storage, see Figure 2(a), the energy is stored by means of increasing its 
own material temperature. That means a material which has good specific heat capacity 
can absorb the surrounding temperature: 
𝑄 =  ∫ 𝑚𝐶𝑝 𝑑𝑇
𝑇𝑓
𝑇𝑖𝑛
= 𝑚𝐶𝑝(𝑇𝑖𝑛 − 𝑇𝑓)                                 (1) 
Here Q is the energy absorbed from the surroundings, which results in raising the 
temperature of a mass from the initial temperature, 𝑇𝑖𝑛, to the final temperature, 𝑇𝑓. 
Furthermore, m is the mass and Cp the specific heat. The drawback of sensible heat storage 
is that a temperature rise is necessary to store energy, and it can absorb considerably less 
amount of energy, per unit mass, compared with latent heat storage. For example, in the 
case of water, the energy required to increase 1℃ is 4.187 kJ/kg.  Meanwhile ice absorbs 
334 kJ/kg to change phase from solid to liquid.  
Latent heat storage stores energy by changing its phase from one state to another, for 
example water absorbs energy while changing its phase from solid to liquid at 0℃, see 
Figure 2(b). The advantage here is that a material absorbs more heat while changing phase 
than during sensible heating/cooling. Moreover, everything happens, ideally, at a constant 
temperature:  
𝑄 = 𝑚 ∗ 𝐿𝐻                                                  (2) 
Thermo-chemical storage stores energy by chemical reaction and releases it in the same 
fashion, see Figure 2(c). 
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Figure 2: (a) shows sensible heat storage, (b) includes latent heat storage, and (c) shows 
thermo-chemical storage [6] 
  
Due to its high energy density and the use of latent energy, Phase Change Materials (PCMs) 
are an efficient choice to use as TES. The advantage of a PCM is it can absorb heat through 
sensible heating while it is in solid and liquid phases, and it can store energy while changing 
its phase as well. A good PCM would have a high storage capacity within a small 
temperature interval while changing phase with little or no volume change. So, the equation 
for energy storage in PCM(s) is given by: 
𝑄 =  ∫ 𝑚𝐶𝑝,𝑠 𝑑𝑇
𝑇𝑚
𝑇𝑖𝑛
+ 𝑚 ∗ 𝐿𝐻 + ∫ 𝑚𝐶𝑝,𝑙 𝑑𝑇
𝑇𝑓
𝑇𝑚
                     (3) 
Here 𝐶𝑝,𝑠 is the specific heat of PCM in its solid phase and 𝐶𝑝,𝑙 the specific heat of PCM 
in its liquid phase. The amount of energy stored Q is the sum of the sensible heat storage 
from the initial temperature, 𝑇𝑖𝑛, till it reaches the melting point, 𝑇𝑚, latent heat storage 
while changing its phase, and finally sensible heat storage from 𝑇𝑚 to the final temperature, 
𝑇𝑓, in the liquid phase. 
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In hot regions, demand for cooling will be high during summer day time due to the high 
ambient temperature and intense solar radiation. Using PCM we could store this heat 
energy during the day time and release it during the night. In case of cold regions like 
Chicago, the situation is reversed; due to very low ambient temperature, demand for 
heating would be higher during the night time. In this case, PCM can store heat during the 
day time and use it at night.  
Several previous studies have been conducted on the idea of using PCM in buildings, in 
different locations such as the roof, wall, ceiling, floor, full wall, throughout the building 
and attic [3]. The count of published journal articles based on PCMs has grown rapidly 
since 2000 (Figure 3). However, a question remains that has not been entirely addressed: 
which is the best location for PCM to be used? In other words, given a constant PCM mass, 
where is the best location for it in a building? So, the purpose of this study is to find the 
optimized PCM location within a commercial building in a hot and arid region like 
Phoenix. If there is an optimized location, what is the reason for that location to have a 
better result than other locations? To determine the optimized location, first we examine 
the temperature profiles of all surfaces in a building because the main factor for the 
optimized location is the regular/daily phase change energy storage. In other words, the 
temperature value of that location should not be too high or too low relative to the melting 
point of the PCM. It should fluctuate around the melting point temperature of the PCM, 
thereby periodic phase change happens.   
 
After obtaining the best location, the next focus is to find the peak shift in the energy 
consumption for varying mass of PCM in that location. For this analysis, we are 
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concentrating only on the summer because hot & arid places, like Phoenix, would require 
more energy to cool the building during summer than for heating in winter. 
Figure 3: Number of papers published since 2000 related to PCM from the Web of 
Science database [7] 
 
4. Thesis Organization 
This thesis is composed of five chapters.  The first chapter gives a brief introduction about 
the study and some important details about PCMs. The second chapter is about EnergyPlus 
simulations using a commercial building, to understand the temperature profile of building 
surfaces and find the impact of using PCM in different locations of a building. This chapter 
includes details regarding the commercial building model that we have used in this research 
and the procedure of the analysis. 
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We have developed a grey box building model (Resistance-Capacitance transient thermal 
model) for a single-story building with two zones, namely the attic zone and core zone, to 
understand better why we are getting this result from EnergyPlus. The third chapter 
describes the details of the RC building model that we have developed. The fourth chapter 
is about the discussion of results that we obtained from EnergyPlus and the RC model, to 
understand the reason for getting an optimized location. The final chapter contains the 
conclusions of my research and recommendations for future studies. 
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CHAPTER 2 ENERGYPLUS BUILDING MODEL 
 
For analysis, a commercial building model for a small office in Phoenix, Arizona, provided 
by the U.S. Department of Energy [8], is used. Figure 4 is a depiction of the model and the 
location details of the building are described in Table 1. Since our primary aim is to find 
the optimized location, a constant mass - 5064 kg - of PCM is used in each case. The 
surface area of the roof is greater than that of all other surfaces. in order to maintain 1 cm 
thickness of PCM in the roof, we need 5064 kg of PCM. The remaining thickness of other 
locations in the building (walls, floor, etc.) is found by keeping the value of mass as 
constant.  In this way, the thickness of PCM in each location will vary as the area of each 
location is different. The details of PCM in each location are provided in Table 2.  
Table 1 Building location details 
North Axis 0° 
Latitude  33.43° 
Longitude  112.02° 
Time Zone UTC - 7 hours 
Elevation 337 meters 
 
 
Figure 4: Commercial building model 
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Table 2: Thickness of PCM in different locations 
Model No: PCM Location Thickness(cm) 
1 Ceiling 1.2 
2 East Wall 13.2 
3 Floor 1.2 
4 Full Wall 2.7 
5 North Wall 9.2 
6 Roof 1 
7 South Wall 9.2 
8 West Wall 13.2 
9 Without PCM NA 
 
 
We use EnergyPlus software [9] to calculate the total energy consumption of the building 
model throughout the year. TMY3 weather data file for Phoenix [10] is used as the weather 
input for the simulation. In this study, 8 different PCM locations are analyzed, as specified 
in Table 2. Since it is a commercial building we can consider that the predominant use of 
HVAC is during office hours. The thermostat details can be seen in Table 3, as given in 
the DOE model. The building is divided into six zones: attic zone, core zone and four 
different zones for the corresponding directions. For simulation, EnergyPlus considers the 
temperature in each zone to be uniform and changes only with respect to time. 
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Table 3: Thermostat settings in the building 
Time Heating Thermostat Settings Cooling Thermostat Settings 
 12 AM - 6 AM 15.56°C 29.44°C 
6AM - 7 AM 17.80°C 27.80°C 
 7 AM - 8 AM 20.00°C 25.60°C 
 8AM - 6 PM 21.11°C 23.89°C 
6PM -12AM 15.56°C 29.44°C 
 
For the purposes of this analysis, the properties of Infinite R (IR 25/78) PCM [11] are 
assumed, in which the melting point of IR 25/78 is 25°C. The material properties of Infinite 
R are listed in Table 4. 
Table 4 Properties of Infinite R PCM [10] 
Conductivity 0.74 Wm−1 K 
−1 
Density 845.5 Kg m−3 
Specific Heat 3140.1 JKg−1K−1 
Latent Heat 200 KJKg−1 
 
The location of PCM would be determined after understanding the thermal profile of the 
building. The construction details of the building can be seen in Table 5. The functioning 
details of the commercial model follow the same as the model developed by DOE, for 
details regarding equipment, fan, lighting, people, HVAC, etc.  The heat balance algorithm 
is changed to conduction finite difference, rather than the conventional conduction transfer 
function, as it includes PCM. The monthly ground temperature uses the same value given 
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in the model, as listed below in Table 6. The ground temperature is necessary for the ground 
heat transfer model of the building [12]. 
 
The energy savings of each location is the reduction of energy consumption (EC) in the 
PCM building model relative to the model without PCM. For example, to obtain the energy 
saving (ES) for using PCM in the roof: 
𝐸𝑆𝑤𝑖𝑡ℎ_𝑃𝐶𝑀 =
𝐸𝐶𝑤𝑖𝑡ℎ𝑜𝑢𝑡_𝑃𝐶𝑀 − 𝐸𝐶𝑤𝑖𝑡ℎ_𝑃𝐶𝑀
𝐸𝐶𝑤𝑖𝑡ℎ𝑜𝑢𝑡_𝑃𝐶𝑀
                                        (4) 
 Here, ECwith_PCM is the energy consumption of the building when PCM is in the roof, 
ECwithout_PCM is the energy consumption of the building model without PCM, and ESwith_PCM 
is the energy savings when PCM is in the roof. The simulation details of the model can be 
seen in the following section. 
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Table 5 Construction details of the building model [8] 
Position Material Thickness(m) K (
𝑊
𝑚𝐾
) 𝜌(𝐾𝑔/𝑚
3) 
𝐶𝑝 (
𝐽
𝐾𝑔𝐾
) 𝑅𝑡ℎ(
𝑚2𝑘
𝑊
) 
Wall F07 25mm 
Stucco 
0.0254 0.72 1856 840 - 
 G01 
16mm 
gypsum 
0.0159 0.16 800 1090 - 
 Insulation - - - - 2.36 
 G01 
16mm 
gypsum 
0.0159 0.16 800 1090 - 
Roof F12 
Asphalt 
Shingles 
0.0032 0.04 1120 1260 - 
 G01 
16mm 
gypsum 
0.0159 0.16 800 1090 - 
Ceiling Insulation - - - - 6.23 
 G01 
16mm 
gypsum 
0.0159 0.16 800 1090 - 
 Insulation - - - - 6.23 
 G01 
16mm 
gypsum 
0.0159 0.16 800 1090 - 
Floor 200mm 
Normal 
Weight 
Concrete 
Floor 
0.2032 2.31 2322 832 - 
 CP02 
Carpet 
Pad 
- - - - 0.21648 
Internal 
Wall 
G01 
13mm 
Gypsum 
0.0127 0.16 800 1090 - 
 G01 
13mm 
Gypsum 
0.0127 0.16 800 1090 - 
  13 
Table 6: Ground Temperature of the Model 
Month Temperature (°𝐶) 
January  20.48 
February 20.44 
March 20.60 
April 20.84 
May 21.04 
June 23.23 
July 23.85 
August 23.99 
September  23.98 
October  21.81 
November 21.17 
December 20.72 
 
1. Simulation 
 
The first task is to determine the thermal profile of all surfaces in the building model. For 
that we have used the variable function and simulated the building throughout the year. 
The use of the variable function is to save the values of any variables, which are used in 
that simulation, for every timestep. The results of this can be seen in Chapter 4. The 
verification of these obtained results using the RC transient building model are described 
in chapter 3. From the results, we observe that for hot places like Phoenix, the outer 
surfaces aren’t preferable for positioning the PCM. Thus, the PCM layer is applied on the 
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inner surfaces, in each case, for finding the energy savings of each location, and the details 
about PCM layer thickness are described in Table 2. We have used the relation in Equation 
4 to determine the energy savings while using PCM in each location.  
 
The configuration of the building remains unchanged for all eight cases, as mentioned in 
Table 2, except for the position of the PCM. The output meter option is used to obtain the 
results which can be seen in Chapter 4. The output meter option calculates the HVAC 
energy consumption for the model and saves those values in an Excel file at each timestep. 
The next step is to determine the monthly HVAC energy savings due to the PCM in each 
location. For that, the monthly energy consumption is calculated using EnergyPlus. It is 
important to find out which months can save more energy, as the energy cost during the 
summer is significantly higher than for other seasons.  
 
The final step is to determine the maximum peak shift occurring due to the PCM in these 
locations. July and August are the summer peak period, so we limited our analysis to these 
two months for maximum peak shift. Here, we extended our goal by asking ourselves, is 
there any impact of the mass of PCM for maximum energy savings? In other words, is 
there any minimum mass required to shift the peak for a specific amount of time, for all 
the PCM locations? We have computed for five different cases, where for each case the 
mass of PCM is constant for each location. The average peak shift is calculated by the sum 
of the peak shifts in a month divided by the number of working days of the corresponding 
month. In Phoenix, the peak energy charges occur between 3PM to 8PM, thus, our aim is 
to determine whether we can shift this peak demand to a non-peak period. 
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CHAPTER 3 GREY BOX BUILDING MODEL 
 
To validate and understand the results obtained from EnergyPlus and to get a generalized 
result for any building in places like Phoenix, a grey box (RC) building model is developed 
to study the building behavior and its temperature profile. To predict the transient building 
load, Braun and Chaturvedi [13] developed an inverse grey box thermal network, which 
consists of 3R2C (3 Resistances and 2 Capacitors) thermal network. All the parts of a 
building, such as walls, roof, ceiling, floor, internal walls etc., are considered in the 3R2C 
thermal network (Figure 5). 
 
Figure 5: Thermal network representation [13] 
In Figure 5, 𝑇𝑜and 𝑇𝑖 represent the outer and inner surrounding temperatures,  𝑇1and 𝑇2 the 
outer and inner surface temperatures, 𝐶1and 𝐶2 the outer and inner thermal capacitances, 
and 𝑅1, 𝑅2and 𝑅3 the outer, inner and internal thermal resistances. The thermal load 
transferred to the inner room is ?̇?𝑙. In this way we can divide each building component into 
corresponding RC thermal elements. For the analysis, we considered only a two-zone 
single-story building, rather than a six-zone small commercial building like the one we 
used for the EnergyPlus model. This was done because our aim is to understand the thermal 
behavior and temperature profile of any building in Phoenix, so this can enable us to get a 
generalized result rather than just regenerating the result that was obtained from 
EnergyPlus. 
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Figure 6: Symbolic representation of thermal network in the building model 
 
The same construction details as the EnergyPlus model, as mentioned in Table 5, are used 
here as well. A symbolic representation of the building thermal network can be viewed in 
Figure 6. In the figure, the 𝑖𝑡ℎ  wall thermal network is shown, where 𝑖 varies from 1 to 4.  
For ease of analysis, the internal temperature, Ti, is fixed at 23.44°𝐶 and the attic 
temperature (Ta) is left uncontrolled, with no cooling or heating support in the attic. Also, 
the internal heat & energy loads, such as lights, fans, people, equipment etc., are neglected. 
The goal here, for using the RC building model, is to determine the temperatures of both 
the inner and outer surfaces of all parts of the building, not the energy calculations. So, we 
mainly focus on the model without PCM, to understand the factors that cause changes in 
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surface temperature and therefore which surface would be better for placing the PCM. 
Energy savings for each PCM location are determined only using EnergyPlus software. 
 
Factors that cause a change in building temperature are namely: solar radiation 
(including reflected, direct and diffuse radiation), convective heat transfer (due to ambient 
air temperature) and radiation heat transfer (Stefan-Boltzmann law). The heat flux value, 
however, based on radiation heat transfer is negligible compared with solar radiation and 
convective heat transfer. Thus, we ignore the heat flux due to radiation heat transfer in this 
calculation.  
1. Thermal Network 
The heat balance equation for each position is shown below. 
 
1. Heat Transfer through Wall (Figure 7) 
 
 
 
Figure 7: Wall thermal network 
 
For the outer surface of the ith wall: 
 
𝑇𝑤,𝑖,𝑜
𝑛+1 =  𝑇𝑤,𝑖,𝑜
𝑛 +  
𝑑𝑡
𝑚𝑤𝑎𝑙𝑙,𝑖∗𝑐𝑝,𝑤𝑎𝑙𝑙,𝑖
(
𝑇𝑜𝑛− 𝑇𝑤,𝑖,𝑜
𝑛
𝑅𝑤,𝑖𝑐
− 
𝑇𝑤,𝑖,𝑜
𝑛 −𝑇𝑤,𝑖,𝑖
𝑛
𝑅𝑤,𝑖
+ 𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑤𝑎𝑙𝑙,𝑖)   (5) 
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For the inner surface of the ith wall: 
𝑇𝑤,𝑖,𝑖
𝑛+1 =  𝑇𝑤,𝑖,𝑖
𝑛 + 
𝑑𝑡
𝑚𝑤𝑎𝑙𝑙,𝑖∗𝑐𝑝,𝑤𝑎𝑙𝑙,𝑖
(
𝑇𝑤,𝑖,𝑜
𝑛 −𝑇𝑤,𝑖,𝑖
𝑛
𝑅𝑤,𝑖
−
𝑇𝑤,𝑖,𝑖
𝑛 −𝑇𝑖𝑛 
𝑅𝑙𝑜𝑎𝑑,𝑤,𝑖
 )       (6) 
HVAC load equation: 
𝑄𝐻𝑉𝐴𝐶,𝑤,𝑖
𝑛 =
𝑇𝑤,𝑖,𝑖
𝑛 −𝑇𝑖𝑛 
𝑅𝑙𝑜𝑎𝑑,𝑤,𝑖
                                         (7) 
Here, 
𝑇𝑤,𝑖,𝑜 − Outer temperature of i-th wall 
𝑇𝑤,𝑖,𝑖 − Inner temperature of i-th wall 
𝑇𝑜 − Outside temperature 
𝑇𝑖 − Initial temperature 
𝑅𝑤,𝑖,𝑐 − Convective resistance between i-th wall and surroundings 
𝑅𝑤,𝑖 − Conductive resistance within i-th wall 
𝑅𝑙𝑜𝑎𝑑,𝑤,𝑖 − Convective resistance between i-th wall and inside space 
𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑤𝑎𝑙𝑙,𝑖 − Solar radiation on the wall outer surface 
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2. Heat Transfer through Floor (Figure 8) 
 
 
 
Figure 8: Floor thermal network   
 
For the floor inner surface: 
𝑇𝑓,𝑖
𝑛+1 =  𝑇𝑓,𝑖
𝑛 + 
𝑑𝑡
𝑚𝑓𝑙𝑜𝑜𝑟∗𝑐𝑝,𝑓𝑙𝑜𝑜𝑟
(
𝑇𝑖𝑛−𝑇𝑓,𝑖
𝑛
𝑅𝑙𝑜𝑎𝑑,𝑓
− 
𝑇𝑓,𝑖
𝑛 −𝑇𝑓,𝑜
𝑛
𝑅𝑓𝑙
)              (8) 
 
For the floor outer surface: 
𝑇𝑓,𝑜
𝑛+1 =  𝑇𝑓,𝑜
𝑛 + 
𝑑𝑡
𝑚𝑓𝑙𝑜𝑜𝑟∗𝑐𝑝,𝑓𝑙𝑜𝑜𝑟
( 
𝑇𝑓,𝑖
𝑛 −𝑇𝑓,𝑜
𝑛
𝑅𝑓𝑙
−
𝑇𝑓,𝑜
𝑛 −𝑇𝑔𝑛
𝑅𝑓𝑙𝑐
)            (9) 
 
HVAC load equation: 
𝑄𝐻𝑉𝐴𝐶,𝑓
𝑛 =
𝑇𝑖𝑛−𝑇𝑓,𝑖
𝑛  
𝑅𝑙𝑜𝑎𝑑,𝑓
                                                      (10) 
Here, 
𝑇𝑓,𝑜 −  Floor outer temperature 
𝑇𝑓,𝑖 − Floor inner temperature 
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𝑇𝑔 −  Ground temperature 
𝑅𝑓𝑙,𝑐 − Resistance between ground and floor outer surface 
𝑅𝑓𝑙 − Conductive resistance within the floor 
𝑅𝑙𝑜𝑎𝑑,𝑓 − Convective resistance between the floor and inner space 
 
 
3. Heat Transfer through Roof & Ceiling (Figure 9) 
 
 
 
 
Figure 9: Roof & ceiling thermal network  
 
For the roof outer surface: 
𝑇𝑟,𝑜
𝑛+1 =  𝑇𝑟,𝑜
𝑛 + 
𝑑𝑡
𝑚𝑟𝑜𝑜𝑓∗𝑐𝑝,𝑟𝑜𝑜𝑓
(
𝑇𝑜𝑛− 𝑇𝑟,𝑜
𝑛
𝑅𝑟𝑐
− 
𝑇𝑟,𝑜
𝑛 −𝑇𝑟,𝑖
𝑛
𝑅𝑟
+ 𝑄𝑟𝑜𝑜𝑓 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛) 
(11) 
For the roof inner surface: 
𝑇𝑟,𝑖
𝑛+1 =  𝑇𝑟,𝑖
𝑛 + 
𝑑𝑡
𝑚𝑟𝑜𝑜𝑓∗𝑐𝑝,𝑟𝑜𝑜𝑓
(
𝑇𝑟,𝑜
𝑛 −𝑇𝑟,𝑖
𝑛
𝑅𝑟
−
𝑇𝑟,𝑖
𝑛 −𝑇𝑎
𝑛 
𝑅𝑎
 )               (12) 
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For finding Ta:  
𝑇𝑎 
𝑛+1 = 𝑇𝑎
𝑛 +
𝑑𝑡
𝑚𝑎𝑖𝑟𝑐𝑝,𝑎𝑖𝑟
(
𝑇𝑟,𝑖
𝑛 −𝑇𝑎
𝑛
𝑅𝑎
−  
𝑇𝑎
𝑛− 𝑇𝑐,𝑜
𝑛
𝑅𝑐𝑐
)              (13) 
For the ceiling upper surface: 
𝑇𝑐,𝑜
𝑛+1 =  𝑇𝑐,𝑜
𝑛 + 
𝑑𝑡
𝑚𝑐𝑒𝑖𝑙𝑖𝑛𝑔∗𝑐𝑝,𝑐𝑒𝑖𝑙𝑖𝑛𝑔
(
𝑇𝑎
𝑛− 𝑇𝑐,𝑜
𝑛
𝑅𝑐𝑐
−  
𝑇𝑐,𝑜
𝑛 −𝑇𝑐,𝑖
𝑛
𝑅𝑐
)     (14) 
For the ceiling inner (lower) surface: 
𝑇𝑐,𝑖
𝑛+1 =  𝑇𝑐,𝑖
𝑛 + 
𝑑𝑡
𝑚𝑐𝑒𝑖𝑙𝑖𝑛𝑔∗𝑐𝑝,𝑐𝑒𝑖𝑙𝑖𝑛𝑔
(
𝑇𝑐,𝑜
𝑛 −𝑇𝑐,𝑖
𝑛
𝑅𝑐
−
𝑇𝑐,𝑖
𝑛 −𝑇𝑖𝑛 
𝑅𝑙𝑜𝑎𝑑,𝑐
 )        (15) 
HVAC load equation: 
𝑄𝐻𝑉𝐴𝐶,𝑐
𝑛 =
𝑇𝑐,𝑖
𝑛 −𝑇𝑖𝑛 
𝑅𝑙𝑜𝑎𝑑,𝑐
                                                     (16) 
Here, 
𝑇𝑟,𝑜 − Roof outer surface temperature 
𝑇𝑟,𝑖 − Roof inner surface temperature 
𝑇𝑐,𝑜 − Ceiling outer surface temperature 
𝑇𝑐,𝑖 − Ceiling inner surface temperature 
𝑅𝑟𝑐 − Convective resistance between roof and surroundings 
𝑅𝑟 − Conductive resistance within the roof 
𝑅𝑎 − Convective resistance between roof and attic space 
𝑅𝑐𝑐 − Convective resistance between ceiling and attic space 
𝑅𝑐 − Conductive resistance within the ceiling 
𝑅𝑙𝑜𝑎𝑑,𝑐 − Convective resistance between ceiling and inner space 
𝑄𝑟𝑜𝑜𝑓 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 − Solar radiation on the roof outer surface 
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Here, we can consider all the thermal components for the wall, floor, and roof & ceiling as 
a parallel network, thus we can sum up all the 𝑄𝐻𝑉𝐴𝐶
𝑛  loads that we obtain from each 
component to get the total HVAC load 𝑄𝑇𝑂𝑇𝐴𝐿
𝑛 : 
𝑄𝑇𝑂𝑇𝐴𝐿
𝑛 =  ∑ 𝑄𝐻𝑉𝐴𝐶,𝑤,𝑖
𝑛4
𝑖=1 + 𝑄𝐻𝑉𝐴𝐶,𝑐
𝑛 + 𝑄𝐻𝑉𝐴𝐶,𝑓
𝑛            (17) 
The mothed used for determining the solar radiation and thermal resistances are detailed 
next. 
2. Solar Radiation on the Building Surface 
 
The solar radiation on a surface is composed of three components, namely; beam, isotropic 
diffuse, and solar radiation reflected from the ground. So, the total solar radiation is the 
sum of all three components [14]:  
𝐼𝑇 = 𝐼𝑏𝑅𝑏 + 𝐼𝑑 (
1+cos(𝛽)
2
) + 𝐼𝜌𝑔 (
1−cos (𝛽)
2
)                          (18) 
 
Here, I is the global horizontal irradiance, and Id the diffuse horizontal irradiance, and both 
are obtained from the Phoenix TMY3 weather data file [10]. The horizontal beam 
irradiance, Ib, is the difference between the global horizontal irradiance and the diffuse 
horizontal irradiance. The ratio of beam radiation on a tilted surface to that on a horizontal 
surface, Rb, is given by [14]: 
𝑅𝑏 =
cos(𝜃)
cos(𝜃𝑧)
                                                    (19) 
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Figure 10: Surface angles 
 
The zenith angle, 𝜃𝑧, and the angle of incidence of beam radiation on a surface, 𝜃 (Figure 
10) are given by the following equations [14]: 
cos 𝜃𝑧 = cos ∅ cos 𝛿 cos 𝜔 + sin ∅ sin 𝛿                       (20) 
cos 𝜃 = sin 𝛿 sin ∅ cos 𝛽 − sin 𝛿 cos ∅ sin 𝛽 cos 𝛾 
               + cos 𝛿 cos ∅ cos 𝛽 cos 𝜔 + cos 𝛿 sin ∅ sin 𝛽 cos 𝛾 cos 𝜔 
                         + cos 𝛿 sin 𝛽 sin 𝛾 sin 𝜔                                                                 (21) 
 
The declination angle, δ, is a function of the number of days, n, where n varies from 1 to 
365. The approximate value of δ can be found using the equation of Cooper (1969) [14]: 
𝛿 = 23.45 sin (360
284+𝑛
365
)                                                  (22) 
 
The hour angle, ω, is the angular displacement of the sun east or west of the local meridian. 
At solar noon the hour angle is set to zero, and it changes 15° per hour; with the morning 
being negative and the afternoon positive [14]. 
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The latitude, ∅, for our case is −33.45° and the slope 𝛽 is the angle between the horizontal 
and building surface. For a vertical wall it will be 90°, for the roof 45° for the east- and 
west-facing roof deck, and 90° for the south- and north-facing roof deck [14].  
The surface azimuth angle, 𝛾, is the deviation of the projection on a horizontal plane of the 
normal to the surface from the local meridian.  Due south is set to be zero, east is negative, 
and west is positive. The value of 𝛾 varies from -180 to +180 [14]. 
3. Thermal Resistance 
 
In this analysis, like the DOE EnergyPlus model, we have used TARP [12] [15](the 
Thermal Analysis Research Program algorithm) to determine surface convection. In 
TARP, convection heat transfer is split into two components, natural and forced 
convection. The total convection coefficient is the sum of both components: 
ℎ𝑐 = ℎ𝑓 + ℎ𝑛                                          (23) 
 
The natural convection coefficient, ℎ𝑛, and forced convection coefficient, ℎ𝑓, can be found 
by the following expression [12] [15]: 
ℎ𝑛 =
1.81|∆𝑇|1/3
1.382+|cos(𝛽)|
                                   (24) 
 
ℎ𝑓 = 2.537𝑊𝑓𝑅𝑓 (
𝑃𝑉𝑧
𝐴
)                           (25) 
 
 
Here, 𝛽 is the surface tilt angle, and the value of Wf is 1 for the windward surface and 0.5 
for the leeward surface. The Rf value can be obtained from Table 7, for the corresponding 
materials from Table 5. The velocity Vz is found from [12] [15]: 
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𝑉𝑧 = 𝑉𝑚𝑒𝑡 (
𝛿𝑚𝑒𝑡
𝑧𝑚𝑒𝑡
)
𝛼𝑚𝑒𝑡
(
𝑧
𝛿
)
𝛼
                        (26) 
 
The wind speed profile exponent (𝛼) and wind speed profile boundary layer thickness (δ) 
at the site can be taken from Table 8, where Vmet is the wind speed given in the TMY3 data 
file. Other variables have constant values as described below: 
𝛼𝑚𝑒𝑡 = 0.14, wind speed profile exponent at the meteorological station. 
𝛿 𝑚𝑒𝑡 = 270𝑚, wind speed profile boundary layer thickness at the meteorological 
station. 
𝑧𝑚𝑒𝑡 = 10𝑚, height above ground of the wind speed sensor at the meteorological 
station. 
Finally, P and A are the perimeter and area of the corresponding surfaces. 
  26 
Table 7:Surface Roughness Multipliers (Walton 1981) [12] 
Roughness Index Rf Example Material 
1 (Very Rough) 2.17 Stucco 
2 (Rough) 1.67 Brick 
3 (Medium Rough) 1.52 Concrete 
4 (Medium Smooth) 1.13 Clear Pine 
5 (Smooth) 1.11 Smooth Plaster 
6 (Very Smooth) 1.00 Glass 
 
 
Table 8:Wind Speed Profile Coefficients (ASHRAE Fundamentals 2005) [12] 
 
   
 The exterior convective thermal resistance for any surface is determined from: 
𝑅𝑒𝑥𝑡 𝑠𝑢𝑟𝑓 =  
1
ℎ𝑐
                                     (27) 
The interior convective thermal resistance for any surface is given by: 
𝑅𝑖𝑛𝑡 𝑠𝑢𝑟𝑓 =  
1
ℎ𝑛
                                     (28) 
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The internal conductive thermal resistance can be found by the conventional thermal 
conductive resistance formula: 
𝑅𝑐𝑜𝑛𝑑 = ∑
𝐿𝑖
𝐾𝑖
 + 𝑅𝑡ℎ                                (29) 
Based on the construction details, as given in Table 5, the effective thermal conductive 
resistance is determined using the above formula. Here, L is the length, K the thermal 
conductivity and Rth the thermal resistance of the insulation.  
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CHAPTER 4 RESULTS & DISCUSSION 
 
1. Thermal profile of surfaces obtained from EnergyPlus 
The thermal profile of all building surfaces obtained from EnergyPlus can be seen in 
Figures 11-14,17, and 18. 
 
Figure 11: West wall inner and outer surface temperature profiles computed in 
EnergyPlus 
 
Figure 12 East wall inner and outer surface temperature profiles computed in EnergyPlus 
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Figure 13 South wall inner and outer surface temperature profiles computed in 
EnergyPlus 
 
Figure 14: North wall inner and outer surface temperature profiles computed in 
EnergyPlus 
From the results, we observe that the outer surfaces are not suitable for the PCM. The outer 
surface temperature values are either too low in winter or too high during summer, hence 
the PCM is not able to utilize latent energy properly as it will be either in completely solid 
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or completely liquid phase most of the time. The results for the roof and ceiling are 
discussed in the following section. Thus, we position the PCM in the inner layer of each 
building component, as mentioned in Table 2, and the energy savings are correspondingly 
computed for each location. The results can be seen in the following section. 
2. Optimized location results obtained from EnergyPlus 
 
Figure 15: Annual performance of PCM in each location computed in EnergyPlus 
 
The energy savings of each location is computed using Equation 4. Figure 15 shows that 
the ceiling is the best location where we can install PCM to maximize HVAC energy 
reduction. It shows a reduction of ~7.5% in total HVAC energy consumption, meanwhile 
the other options show significantly lower energy reduction. 
 
From Figure 16 we can say if we are using PCM on a single wall, the advantage of TES 
impacts only the corresponding adjacent zones. Energy storage by the PCM is not felt in 
other zones. For instance, if we keep the PCM on the west wall, then it has no effect on the 
east zone or on any other zones, thus the energy reduction percentage would be less. 
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In the case of the Full Wall, a layer of PCM is positioned on all inner wall surfaces. Though 
it almost covers all zones, except the core zone, the problem here is that the thickness of 
PCM in each wall is reduced, thereby the storage capacity of each wall decreases. For 
example, during the evening the west wall has more exposure to solar radiation relative to 
the other walls, but the thermal storage capacity of the west wall is reduced. The situation 
would reverse in the morning time. The floor yields only a 1% reduction, the reason being 
that the ground temperature used is almost the same as the zone temperature. Thus, we can 
conclude that the heat lost or gained through the ground is insignificant. 
 
 
 
Figure 16 Transparent image of building model 
 
However, the reasons for the computed ~7.5% savings in energy consumption when we 
use PCM in the ceiling and ~0.5% savings for the roof are still unknown. To better 
understand these results, the temperature profile for the ceiling and the roof are taken from 
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EnergyPlus. From Figure 17, we can see that the temperature profile of the roof inner and 
outer surfaces are almost the same. For instance, during the winter both inner and outer 
surface temperatures are much lower than the PCM melting point, and during the summer 
both values are much higher than the PCM melting point. Even if we use a PCM with a 
higher melting point, a value around 35°C, it would not lead to significant energy savings 
during the winter. The same will happen for the reverse case: if we use a PCM with a lower 
melting point, 18°C, the PCM would be inactive during the summer. 
 
Figure 17: Roof inner and outer surface temperature profile 
 
Figure 18: Ceiling inner and outer surface temperature profile 
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At the same time, from Figure 18, we can see that the inner ceiling surface temperature 
does not fluctuate like it does for the roof inner surface. Even though the outer surface 
temperature is fluctuating because of the attic temperature, as seen in Figure 19, the inner 
surface temperature stays in the range of the PCM melting point. Even in the extreme 
conditions, for example even in winter the ceiling inner surface temperature is greater than 
20℃ at the same time the outer surface temperature is well below 20℃. In the summer the 
outer surface is always greater than 30℃ while the inner surface is always in the range of 
25℃ to 30℃. 
 
Figure 19: Temperature profile of the attic zone 
Because of this temperature profile of the inner ceiling surface, the PCM is able to absorb 
more energy by changing its phase frequently. This leads to the computed ~7.5% of HVAC 
energy consumption savings when we place PCM in the ceiling.  The reason we focus on 
the inner surface is because we place the PCM only at the inner surface of each location, 
such as roof, ceiling, floor, etc. So, the temperature profile of the PCM would be similar to 
that of these inner surfaces in all cases. 
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For understanding this difference in ceiling outer and inner surfaces, which isn’t there in 
roof, we calculated the effective thermal conduction resistance between the surfaces of the 
roof and of the ceiling. Using the information listed in Table 5, we obtain the effective 
thermal resistance for the roof as 0.18 m2 K-1 W-1 and that of the ceiling is 12.66 m2 K-1 W-
1. Thus, the ceiling inner surface temperature value is nearly the same as the zone air 
temperature, as the thermal conduction resistance of the ceiling is far greater than the 
convective thermal resistance between the zone space and the ceiling inner surface. 
 The next important result we should know is when we can expect maximum energy 
savings, because the utilization and cost of energy changes with respect to each season of 
a year. For example, hot places like Phoenix require more energy for cooling purposes 
during the summer than for heating during the winter, and the situation is reversed for cold 
places like Chicago.  We therefore compute the monthly energy savings from EnergyPlus 
as shown in Figure 20.  
 
Figure 20: Monthly HVAC energy reduction for ceiling PCM location, as computed in 
EnergyPlus 
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For this analysis, we have considered only the ceiling location as the savings for all other 
cases are less than 2%, thus, those results won’t be significant. From Figure 20, we can see 
that the monthly energy savings are more than 10% throughout the summer season, while 
there is only ~5% average savings during the winter. Since we have used a PCM with a 
melting point above the thermostat temperature, as mentioned in Table 3, we obtained a 
better result during the summer. Because during the summer the room temperature tries to 
remain above the thermostat temperature and proper phase change takes place. Meanwhile 
in the winter, the room temperature tries to remain below the thermostat setpoint, hence 
there is less chance of phase change compared to the summer. The result would reverse if 
we keep a PCM with a melting point less than the thermostat setpoint temperature. Figure 
20 shows that energy savings in March are higher than in the summer months. The reason 
is because during the summer even the nighttime temperature is relatively hot in Phoenix, 
thus the chances of complete phase change from liquid to solid is less when compared to 
March. 
 
For places like Phoenix, the consumption of energy for HVAC during the summer is far 
greater than for the winter, meaning that the PCM melting point should be higher than the 
typical summer thermostat setpoint temperature. But for colder places like Chicago, it 
would be better if we use PCM with a melting point lower than the thermostat setpoint 
temperature. This is because in places like Chicago, the ambient temperature is very low 
much of the time, thereby phase change happens more frequently if we use a PCM with 
melting point less than the thermostat temperature.  
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3. RC transient building model 
As mentioned in Chapter 3, here a two-zone building model is developed and the TMY3 
weather data file for Phoenix is used for the calculations. MATLAB is employed to solve 
the transient RC network equations for the model, using the differential equations 
mentioned in Chapter 3(see Appendix A).  The temperature of the attic zone is 
uncontrolled, and at the same time the inner zone temperature is fixed at 23.44℃. The 
temperature profile of the attic air can be seen in Figure 21, which is almost like the attic 
temperature profile we obtained from EnergyPlus simulation.  The comparison of both 
temperature profiles is given in Figure 22. In both cases the attic temperature is 
uncontrolled, and so it depends on the material properties and external climate. Both 
analyses used the same assumptions, so both are expected to yield similar attic temperature 
profiles. 
 
Figure 21: Attic temperature profile from the RC network model 
  37 
Figure 22: Comparison of attic temperature profiles from both models 
Figure 23, temperature profile of roof in RC model. The reason for this identical profile for 
both inner and outer surface of roof is because of low effective conductive resistance, see 
Table 9. Thus, the roof would not be a good choice for the PCM because the roof surfaces 
would be either too hot or too cold, and thus proper phase change would not happen on a 
daily basis. 
 
However, this is not the case for other locations. In the case of the walls, each wall would 
experience a different temperature profile as the amount of solar radiation falling on each 
location differs (see Figures 24-27). The temperature profile of the ceiling can be seen in 
Figure 28.  
 
 
RC Model Result 
EnergyPlus Result 
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Table 9: Effective thermal resistance at different locations 
Location Effective Thermal 
Resistance (𝑚2𝐾/𝑊) 
Roof 0.18 
Wall 2.59 
Ceiling 12.66 
 
 
Figure 23: Roof temperature profiles computed from the RC network model 
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Figure 24: Temperature profile of the south wall computed from the RC network model 
 
Figure 25: Temperature profile of the east wall computed from the RC network model 
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Figure 26: Temperature profile of the north wall computed from the RC network model 
 
Figure 27: Temperature profile of the west wall computed from the RC network model 
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Figure 28: Temperature profile of the ceiling computed from the RC network model 
Now we come back to the question: which location is best for the PCM to maximize the 
HVAC energy reduction? We know that any location where phase change 
(melting/freezing) is likely to take place would be ideal for the PCM. To determine that we 
magnify the temperature profile of each location between the temperature range 22℃ to 
25℃. The reason for examining this range is because the interior zone temperature is 
maintained at 23.44℃, and a surface temperature near this temperature would have more 
possibility of a phase change. The results focused on this temperature range can be viewed 
in Figures 29 – 33. 
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Figure 29: Temperature profile of the east wall within the range 22℃ to 25℃ computed 
from the RC network model 
 
 
Figure 30: Temperature profile of the south wall within the range 22℃ to 25℃ computed 
from the RC network model 
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Figure 31: Temperature profile of the north wall within the range of 22℃ to 25℃ 
computed from the RC network model 
 
Figure 32: Temperature profile of the west wall within the range of 22℃ to 25℃ 
computed from the RC network model 
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From Figures 29-32, we can see that during the summer and winter time the surface 
temperatures of all walls are not in the specified range (22℃ to 25℃), either above or below 
the specified range, thus proper phase change would not happen, especially during the 
summer. However, for the ceiling (Figure 33), the entire temperature profile of the inner 
surface is between 22℃ to 25℃, thus if we place PCM with a melting point within this 
range there will be frequent phase change throughout the year. This verifies the previous 
result that we obtained from EnergyPlus. 
 
Figure 33: Temperature profile of the ceiling within the range of 22℃ to 25℃ computed 
from the RC network model 
 
The reason for this temperature profile of the ceiling is because the effective thermal 
conductive resistance for the ceiling is 12.66 m2 K W-1, which is far greater than the thermal 
convective resistance between the inner surface of the ceiling and the interior air 
temperature. Thus, the temperature of the inner ceiling surface remains close to the room 
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temperature. On the other hand, the wall conductive resistance is only 2.59 m2 K W-1, and 
thus the wall inner surface temperature is more influenced by the ambient air temperature. 
 
4. Peak energy shift variation as a function of PCM mass  
Getting a better (longer) peak energy shift can be as important as maximizing savings in 
energy consumption. This purpose of this section of the thesis is to gain a better 
understanding about peak energy shift variation with mass, or in other words, how much 
mass of PCM should be used to yield a peak shift of some time duration? Currently, the 
peak energy consumption takes place around 5PM, so our analysis is to find whether we 
can shift the peak consumption to an off-peak period. 
 
Here, as mentioned in Chapter 2, we have examined 5 cases with different PCM mass, 
where in each case the PCM mass remains constant. The results can be seen in Figure 34. 
The x axis in Figure 34 is the ratio of the mass of PCM in each case with the mass of PCM 
in the first case (5064kg). These results, however, are not as expected. The ceiling has the 
highest peak energy shift, but it remains almost the same for all cases. For the full wall and 
roof, there is a steady increase in peak shift while increasing mass, yet the peak shift is still 
less than 10 minutes. All other PCM locations failed to show a significant improvement 
with increasing mass. 
 
To understand this behavior, we have compared sensible heat storage of the building with 
latent heat storage of 5064 kg PCM, see table 10 (here Cp is specific heat capacity and LH 
is latent heat capacity). The table shows that, the sensible heat storage capacity of building, 
for rising 5℃, is almost equivalent to the latent heat storage capacity of given PCM mass. 
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Therefore, we can’t argue that the mass of PCM used is considerably less to show a proper 
peak energy shift result.  
Figure 34: Change in average peak energy shift with PCM mass computed by 
EnergyPlus 
Table 10: Sensible and Latent heat storage capacity of building 
 
Mass(kg) Cp(Jkg
-1K-1) LH(J/kg) Energy storage(J) 
Roof 9678.29 1127.40 - 5.46E+07 
Floor 241180.60 832.00 - 1.00E+09 
Ceiling 13003.91 927.62 - 6.03E+07 
Wall 31636.16 1090.00 - 1.72E+08 
     
Building 295498.98 - - 1.29E+09 
PCM 5064.00 - 200000 1.01E+09 
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Thus, reasons behind these results are still unsure, and more studies are required to justify 
this result. One possibility is that the extra added PCM does not get involved with energy 
storage. That means the phase change throughout the entire PCM mass is not taking place 
as we increase the PCM mass of PCM. Ideally, there should be a positive correlation 
between peak energy shift and the mass of PCM used. This could be a good topic for future 
studies to find the correlation between peak energy shift and mass of PCM used, as one of 
the main concerns of electrical utilities is to meet the current energy demand during the 
peak period.  
5. Limitations 
 
The commercial building model used in this study has an insulation of R-72 for the ceiling. 
But, most buildings won’t have such a high insulation value. Thus, the temperatures of the 
inner ceiling surface won’t be as steady as our case. For instance, during the summer the 
ceiling inner surface will be hotter, when compared with the obtained temperature values 
for the ceiling inner surface, as thermal conductivity resistance reduces and in winter it will 
be colder. 
 
Since this study is based on single-story building, it is unclear whether the results will be 
same for multi-story building. If it is valid, do we have to use PCM in every ceiling inner 
layer or only on the top most ceiling inner layer. Further studies are required to get a valid 
answer. 
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CHAPTER 5 CONCLUSION 
 
The purpose of this thesis is to determine the optimized location of PCMs in buildings and 
the peak energy demand shift caused by the introduction of PCM. It is found that the ceiling 
is the best location for installing PCM. From the results, we observed that by positioning 
PCM at the inner ceiling surface can save ~7.5% in annual HVAC energy consumption.  
 
From the temperature profiles we observed that the ceiling inner surface has an advantage 
of high thermal resistance within the ceiling caused by the relatively large amount of 
thermal insulation. The temperature of the inner surface of the ceiling therefore is more 
dependent on the inner room air temperature rather than the outside air temperature, unlike 
the other building surfaces. A thermal RC network model verifies this result, and it shows 
that the ceiling inner surface temperature values are near internal room air temperature 
values. 
 
The results, however, for determining how the peak energy shift varies with increasing 
PCM mass are not as expected. Like the HVAC energy savings, the peak energy shift is 
also important. More studies are required to understand the peak shift in HVAC energy due 
to PCM.  
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APPENDIX  
A      MATLAB CODE FOR RC BUILDING MODEL 
  
  52 
clc; 
clear; 
%% Details from TMY3 weather data and DOE energyplus 
model 
data = xlsread('WeatherData.xlsx'); %from TMY3 weather 
data 
outputfile = 
xlsread('withoutPCMzonetemperatures.xlsx'); %from 
energyplus 
Time = data(:,1)'; 
GHI = data(:,2)'; 
DHI = data(:,3)'; 
WindDir = data(:,4)'; 
WindSpeed = data(:,5)'; 
Temperature = data(:,6)'; 
DNI = data(:,6)'; 
AtticTemperature = outputfile(:,6)'; 
GroundTemperature = [20.48 20.44 20.6 20.84 21.04 23.23 
23.85 23.99 23.98 21.81 21.17 20.72]; %from energyplus 
model 
rho_g = 0.2; %ground reflectance 
%% Model dimensions 
Length = 15; %meters 
Width = 15; %meters 
WallHeight = 4.5; %meters 
AtticHeight = 2; %meters 
WallArea = Width*WallHeight; 
WallPerimeter = 2*(Width + WallHeight); 
FloorArea = Width*Length; 
CeilingArea = Width*Length; 
AtticFaceArea = 0.5*(Length*AtticHeight); 
AtticFacePerimeter = Length + 2*sqrt(AtticHeight^2 + 
(0.5*Length)^2); 
AtticSideArea = Width*(sqrt(AtticHeight^2 + 
(0.5*Length)^2)); 
AtticSidePerimeter = 2*(Width + (sqrt(AtticHeight^2 + 
(0.5*Length)^2))); 
AtticVolume = AtticFaceArea*Width; 
AtticAirMass = 1.225*AtticVolume; 
TotalHeight = AtticHeight + WallHeight; 
%% Material Properties 
  
%Floor Materials details 
  53 
  
%1 - 200mm Normal Weight Concrete Floor 
FloorThickness = 0.2032; %meters 
FloorConductivity = 2.31; %W/mK 
FloorDensity = 2322; %kg/m3 
FloorCP = 832; %J/kgK 
  
%2 - CP02 - Carpet Pad (no mass resistance) 
CarpetRth = 0.21648; %m2k/W 
  
%Effective 
FloorMassPerArea = FloorDensity*FloorThickness; 
FloorRth = CarpetRth + 
FloorThickness/FloorConductivity; 
  
%Wall Material  Details 
  
%1 - F07 25mm Stucco 
StuccoThickness = 0.0254; %meters 
StuccoConductivity = 0.72; %W/mK 
StuccoDensity = 1856; %kg/m3 
StuccoCP = 840; %J/kgK 
  
%2 - G01 16mm gypsum 
GypsumThickness = 0.0159; %meters 
GypsumConductivity = 0.16; %W/mK 
GypsumDensity = 800; %kg/m3 
GypsumCP = 1090; %J/kgK 
  
%3 - Nonresidential exterior insulation 
WallInsulationRth = 2.36; %m2K/W 
  
%4 - G01 16mm gypsum 
  
%Effective 
WallRth = 2*GypsumThickness/GypsumConductivity + 
WallInsulationRth ... 
    + StuccoThickness/StuccoConductivity; 
WallMassPerArea = StuccoThickness*StuccoDensity + 
2*GypsumThickness*GypsumDensity; 
WallCP = (2*GypsumCP*GypsumThickness*GypsumDensity + 
StuccoCP*StuccoThickness*StuccoDensity)/WallMassPerArea
; 
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%Roof Material Details 
  
%1 - F12 Asphalt Shingles 
F12Thickness = 0.0032; %meters 
F12Conductivity = 0.04; %W/mK 
F12Density = 1120; %kg/m3 
F12CP = 1260; %J/kgK 
  
%2 - G01 16mm gypsum 
  
%Effective 
RoofRth = GypsumThickness/GypsumConductivity + 
F12Thickness/F12Conductivity; 
RoofMassPerArea = GypsumThickness*GypsumDensity + 
F12Thickness*F12Density; 
RoofCP = (F12CP*F12Thickness*F12Density + 
GypsumCP*GypsumThickness*GypsumDensity)/RoofMassPerArea
; 
  
%Ceiling & Attic Floor Material Details 
  
%1 - Nonresidential Exterioi insulation 
RoofInsulationRth = 6.23; %m2K/W 
  
%2 - G01 16mm gypsum 
%3 - Nonresidential Exterioi insulation 
%4 - G01 16mm gypsum 
  
CeilingRth = 2*RoofInsulationRth + 
2*GypsumThickness/GypsumConductivity; 
CeilingMassPerArea = 2*GypsumThickness*GypsumDensity; 
CeilingCP = GypsumCP; 
  
%% RC Model timestep 
i = 1; % i (in minutes) for finding QLoad for each 
minutes 
k = 1; % k (in hours) for using details from weather 
data file 
day = 1; %  (in days) for calculating solar radiation 
j = 1; % j (in months) for using ground 
temperature(taken from energyplus file) 
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% Aim: to find Qload required to maintain 23.44C in a 
single zone building 
  
side = [1 2 3 4]; 
gamma = [0 90 180 -90]; 
dt=60; % here the timestep is 1 minutes ie 60 seconds 
  
T_i = 23.44; %fixed inside temperature 
T_g = GroundTemperature; 
TotalHours=length(Temperature); 
 
% initial values (guess) 
  
T_wo(1)=15; 
T_wi(1)=20; 
T_eo(1)=16; 
T_ei(1)=22; 
T_so(1)=17; 
T_si(1)=21; 
T_no(1)=18; 
T_ni(1)=19; 
  
T_fo(1) = 21; 
T_fi(1) = 22; 
  
T_rwo(1)=13; 
T_rwi(1)=14; 
T_reo(1)=11; 
T_rei(1)=12; 
T_rso(1)=11; 
T_rsi(1)=13; 
T_rno(1)=12; 
T_rni(1)=14; 
  
T_a(1) = 15; 
  
T_co(1) = 21; 
T_ci(1) = 22; 
  
% QHVAC(1:TotalHours*60)=0; % HVAC LOAD for maintaining 
room at 23.44C. Negative value indicate heating and 
positive that of cooling. 
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% QLoad(1:TotalHours*60)=0; % absolute value of HVAC 
LOAD for maintaining room at 23.44C 
% Solar Calculation 
        Q_SolarRadiationEastWall = 
solarradition(Time,GHI,DHI,DNI,90,-90,1)/dt; 
        Q_SolarRadiationWestWall = 
solarradition(Time,GHI,DHI,DNI,90,90,1)/dt; 
        Q_SolarRadiationSouthWall = 
solarradition(Time,GHI,DHI,DNI,90,0,1)/dt; 
        Q_SolarRadiationNorthWall = 
solarradition(Time,GHI,DHI,DNI,90,180,1)/dt; 
         
        Q_SolarRadiationEastRoof = 
solarradition(Time,GHI,DHI,DNI,45,-90,2)/dt; 
        Q_SolarRadiationWestRoof = 
solarradition(Time,GHI,DHI,DNI,45,90,2)/dt; 
        Q_SolarRadiationSouthRoof = 
solarradition(Time,GHI,DHI,DNI,90,0,2)/dt; 
        Q_SolarRadiationNorthRoof = 
solarradition(Time,GHI,DHI,DNI,90,180,2)/dt; 
avgday=1; 
for k = 1:8760%TotalHours 
     
    for m = 1:60 
        T_o(i) = Temperature(k); 
        time = 24*Time(k) + (m-1)/60; 
        % Wall Calculations 
%         Q_SolarRadiationEastWall(k) =0; 
%         Q_SolarRadiationWestWall(k) =0; 
%         Q_SolarRadiationSouthWall(k) =0; 
%         Q_SolarRadiationNorthWall(k) =0; 
         
        %East Wall 
        hNatural = 
naturalconvection(T_o(i),T_eo(i),90); 
        hForced = 
forcedconvection(WindSpeed(k),WindDir(k),2.17,WallArea,
WallHeight,460,WallPerimeter,0.33,4); 
        ROuter = 1/(hNatural + hForced); 
        T_eo(i+1) =T_eo(i) + 
(dt/(WallMassPerArea*WallCP))*((T_o(i)-
T_eo(i))/ROuter... 
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            - (T_eo(i)-T_ei(i))/WallRth + 
Q_SolarRadiationEastWall(k)); 
        RInner = 1/naturalconvection(T_ei(i),T_i,90); 
        T_ei(i+1) =T_ei(i) + 
(dt/(WallMassPerArea*WallCP))*((T_eo(i)-
T_ei(i))/WallRth... 
            -(T_ei(i)-T_i)/RInner); 
         
        QLoadEastWall = (T_ei(i)-T_i)/RInner; 
         
        %West Wall 
        hNatural = 
naturalconvection(T_o(i),T_wo(i),90); 
        hForced = 
forcedconvection(WindSpeed(k),WindDir(k),2.17,WallArea,
WallHeight,460,WallPerimeter,0.33,2); 
        ROuter = 1/(hNatural + hForced); 
        T_wo(i+1) =T_wo(i) + 
(dt/(WallMassPerArea*WallCP))*((T_o(i)-
T_wo(i))/ROuter... 
            - (T_wo(i)-T_wi(i))/WallRth + 
Q_SolarRadiationWestWall(k)); 
        RInner = 1/naturalconvection(T_wi(i),T_i,90); 
        T_wi(i+1) =T_wi(i) + 
(dt/(WallMassPerArea*WallCP))*((T_wo(i)-
T_wi(i))/WallRth... 
            -(T_wi(i)-T_i)/RInner); 
         
        QLoadWestWall = (T_wi(i)-T_i)/RInner; 
         
        %South Wall 
        hNatural = 
naturalconvection(T_o(i),T_so(i),90); 
        hForced = 
forcedconvection(WindSpeed(k),WindDir(k),2.17,WallArea,
WallHeight,460,WallPerimeter,0.33,1); 
        ROuter = 1/(hNatural + hForced); 
        T_so(i+1) =T_so(i) + 
(dt/(WallMassPerArea*WallCP))*((T_o(i)-
T_so(i))/ROuter... 
            - (T_so(i)-T_si(i))/WallRth + 
Q_SolarRadiationSouthWall(k)); 
        RInner = 1/naturalconvection(T_si(i),T_i,90); 
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        T_si(i+1) =T_si(i) + 
(dt/(WallMassPerArea*WallCP))*((T_so(i)-
T_si(i))/WallRth... 
            -(T_si(i)-T_i)/RInner); 
         
        QLoadSouthWall = (T_si(i)-T_i)/RInner; 
         
        %North Wall 
        hNatural = 
naturalconvection(T_o(i),T_no(i),90); 
        hForced = 
forcedconvection(WindSpeed(k),WindDir(k),2.17,WallArea,
WallHeight,460,WallPerimeter,0.33,3); 
        ROuter = 1/(hNatural + hForced); 
        T_no(i+1) =T_no(i) + 
(dt/(WallMassPerArea*WallCP))*((T_o(i)-
T_no(i))/ROuter... 
            - (T_no(i)-T_ni(i))/WallRth + 
Q_SolarRadiationNorthWall(k)); 
        RInner = 1/naturalconvection(T_ni(i),T_i,90); 
        T_ni(i+1) =T_ni(i) + 
(dt/(WallMassPerArea*WallCP))*((T_no(i)-
T_ni(i))/WallRth... 
            -(T_ni(i)-T_i)/RInner); 
         
        QLoadNorthWall = (T_ni(i)-T_i)/RInner; 
         
        %Floor 
        RInner = 1/naturalconvection(T_i,T_fi(i),0); 
        QLoadFloor = (T_i-T_fi(i))/RInner; 
        RTotal = (T_i-T_g(j))/QLoadFloor; 
         
        T_fi(i+1) = T_fi(i) + 
(dt/(FloorMassPerArea*FloorCP))*((T_i-
T_fi(i))/RInner... 
            - (T_fi(i)-T_fo(i))/FloorRth); 
        ROuter = RTotal - (RInner+FloorRth); 
        T_fo(i+1) = T_fo(i) + 
(dt/(FloorMassPerArea*FloorCP))*((T_fi(i)-
T_fo(i))/FloorRth... 
            - (T_fo(i)-T_g(j))/ROuter); 
         
        %Roof Temperature 
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%         Q_SolarRadiationEastRoof(k) =0; 
%         Q_SolarRadiationWestRoof(k) =0; 
%         Q_SolarRadiationSouthRoof(k) =0; 
%         Q_SolarRadiationNorthRoof(k) =0; 
         
        %East Roof 
        hNatural = 
naturalconvection(T_o(i),T_reo(i),45); 
        hForced = 
forcedconvection(WindSpeed(k),WindDir(k),2.17,AtticSide
Area,TotalHeight,460,AtticSidePerimeter,0.33,4); 
        ROuter = 1/(hNatural + hForced); 
        T_reo(i+1) =T_reo(i) + 
(dt/(RoofMassPerArea*RoofCP))*((T_o(i)-
T_reo(i))/ROuter... 
            - (T_reo(i)-T_rei(i))/RoofRth + 
Q_SolarRadiationEastRoof(k)); 
        RInner = 
1/naturalconvection(T_rei(i),T_a(i),45); 
        T_rei(i+1) =T_rei(i) + 
(dt/(RoofMassPerArea*RoofCP))*((T_reo(i)-
T_rei(i))/RoofRth... 
            -(T_rei(i)-T_a(i))/RInner); 
         
        QRoofEast = (T_rei(i)-T_a(i))/RInner; 
         
        %West Roof 
        hNatural = 
naturalconvection(T_o(i),T_rwo(i),45); 
        hForced = 
forcedconvection(WindSpeed(k),WindDir(k),2.17,AtticSide
Area,TotalHeight,460,AtticSidePerimeter,0.33,2); 
        ROuter = 1/(hNatural + hForced); 
        T_rwo(i+1) =T_rwo(i) + 
(dt/(RoofMassPerArea*RoofCP))*((T_o(i)-
T_rwo(i))/ROuter... 
            - (T_rwo(i)-T_rwi(i))/RoofRth + 
Q_SolarRadiationWestRoof(k)); 
        RInner = 
1/naturalconvection(T_rwi(i),T_a(i),45); 
        T_rwi(i+1) =T_rwi(i) + 
(dt/(RoofMassPerArea*RoofCP))*((T_rwo(i)-
T_rwi(i))/RoofRth... 
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            -(T_rwi(i)-T_a(i))/RInner); 
         
        QRoofWest = (T_rwi(i)-T_a(i))/RInner; 
         
        %South Roof 
        hNatural = 
naturalconvection(T_o(i),T_rso(i),90); 
        hForced = 
forcedconvection(WindSpeed(k),WindDir(k),2.17,AtticFace
Area,TotalHeight,460,AtticFacePerimeter,0.33,1); 
        ROuter = 1/(hNatural + hForced); 
        T_rso(i+1) =T_rso(i) + 
(dt/(RoofMassPerArea*RoofCP))*((T_o(i)-
T_rso(i))/ROuter... 
            - (T_rso(i)-T_rsi(i))/RoofRth + 
Q_SolarRadiationSouthRoof(k)); 
        RInner = 
1/naturalconvection(T_rsi(i),T_a(i),90); 
        T_rsi(i+1) =T_rsi(i) + 
(dt/(RoofMassPerArea*RoofCP))*((T_rso(i)-
T_rsi(i))/RoofRth... 
            -(T_rsi(i)-T_a(i))/RInner); 
         
        QRoofSouth = (T_rsi(i)-T_a(i))/RInner; 
         
        %North Roof 
        hNatural = 
naturalconvection(T_o(i),T_rno(i),90); 
        hForced = 
forcedconvection(WindSpeed(k),WindDir(k),2.17,AtticFace
Area,TotalHeight,460,AtticFacePerimeter,0.33,3); 
        ROuter = 1/(hNatural + hForced); 
        T_rno(i+1) =T_rno(i) + 
(dt/(RoofMassPerArea*RoofCP))*((T_o(i)-
T_rno(i))/ROuter... 
            - (T_rno(i)-T_rni(i))/RoofRth + 
Q_SolarRadiationNorthRoof(k)); 
        RInner = 
1/naturalconvection(T_rni(i),T_a(i),90); 
        T_rni(i+1) =T_rni(i) + 
(dt/(RoofMassPerArea*RoofCP))*((T_rno(i)-
T_rni(i))/RoofRth... 
            -(T_rni(i)-T_a(i))/RInner); 
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        QRoofNorth = (T_rni(i)-T_a(i))/RInner; 
         
        RCeilingAttic = 
1/naturalconvection(T_co(i),T_a(i),0); 
        QCeiling = (T_co(i)-T_a(i))/RCeilingAttic; 
         
        QAtticGain = 
(QRoofNorth+QRoofSouth)*AtticFaceArea + 
(QRoofWest+QRoofEast)*AtticSideArea + 
QCeiling*CeilingArea; 
        
        % Timestep increment for attic temperature 
        T_a(i+1) = T_a(i) + 
(dt/(AtticAirMass*1005))*QAtticGain; 
        T_ava(avgday)=T_a(i+1); 
        %Ceiling calculation 
        T_co(i+1) =T_co(i) + 
(dt/(CeilingMassPerArea*CeilingCP))*((T_a(i)-
T_co(i))/RCeilingAttic... 
            - (T_co(i)-T_ci(i))/CeilingRth); 
        RInner = 1/naturalconvection(T_ci(i),T_i,0); 
        T_ci(i+1) =T_ci(i) + 
(dt/(CeilingMassPerArea*CeilingCP))*((T_co(i)-
T_ci(i))/CeilingRth... 
            -(T_ci(i)-T_i)/RInner); 
         
        QLoadCeiling = (T_ci(i)-T_i)/RInner; 
         
        QHVAC(i) = (QLoadCeiling*CeilingArea + 
WallArea*(QLoadEastWall+QLoadWestWall+QLoadSouthWall+QL
oadNorthWall)... 
            + QLoadFloor*FloorArea); 
        QLoad(i)=abs(QHVAC(i)); 
        i = i + 1; 
    end 
    if Time(k) == 1 
        day = day + 1; 
        T_mean_ro(day-1)=T_avro; 
        avgday=1; 
    end 
    if k == 744 || k == 1416 || k == 2160 || k == 2880 
|| k == 3624 || k == 4344 
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        j = j + 1; 
    elseif k == 5088 || k == 5832 || k == 6552 || k == 
7296 || k == 8016 
        j = j + 1; 
    end 
     
end 
%% 
% hours=(1:length(T_o))/60; 
% plot(hours,T_o); 
% hold on 
hours=(1:length(T_wo))/60; 
% figure 
% plot(hours,T_co); 
% hold on; 
% plot(hours,T_ci); 
% figure 
% plot(hours,T_wo); 
% hold on; 
% plot(hours,T_wi); 
% figure 
plot(hours,T_eo); 
hold on; 
plot(hours,T_ei); 
% figure 
% plot(hours,T_no); 
% hold on; 
% plot(hours,T_ni); 
% figure 
% plot(hours,T_so); 
% hold on 
% plot(hours,T_si); 
% figure 
% plot(hours,T_a); 
% hold on; 
% plot(1:length(AtticTemperature),AtticTemperature); 
% hold on; 
% plot(hours,T_co); 
